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Abstract. Isobaric charge-exchange reactions induced by beams of 112Sn have been
investigated at the GSI facilities using the fragment separator FRS. The high-resolving power
of this spectrometer makes it possible to obtain the isobaric charge-exchange cross sections with
an accuracy of 3% and to separate quasi-elastic and inelastic contributions in the missing-energy
spectra, in which the inelastic component is associated to the in-medium excitation of baryonic
resonances such as the ∆ resonance. We report on the results obtained for the (p, n) and (n, p)
channels excited by using different targets that cover a large range in neutron excess.
1. Introduction
The study of baryonic resonances in nuclear matter is considered as a natural extension of
nuclear physics. It is well known that the structure of some baryons, such as the ∆ resonance,
and their excitation spectrum is one of the unsolved issues of strong interaction physics, but this
also becomes an unsolved problem in nuclear physics when the resonances are excited in nuclear
matter. The investigation of the excitation in the nuclear medium of these resonances is very
important to understand the pion production in heavy-ion collisions [1, 2], because their main
decay channel is going into one nucleon and one or more pions, as well as for the understanding of
three body forces [3] or the not fully solved problem of the missing Gamow-Teller strength [4].
Moreover, the early appearance of ∆-isobars in dense nuclear matter has also inspired many
studies relevant to neutron stars [5, 6], in particular, very compact stellar configurations are
reached due to the introduction of ∆-isobars [7, 8]. Recently though, different works have
shown that the properties (mass and radius) of these stellar configurations depend much more
on how the mass of the ∆-isobars changes with the nuclear density [9].
Unfortunately, the in-medium properties of baryonic resonances are not well understood. Up
to now, the in-medium effects of ∆-isobars have been studied in heavy-ion collisions at kinetic
energies above the production threshold using pion-nucleus and nucleon-nucleus reactions in
direct kinematics [10, 11], where there is not a good control over the production of residual
fragments and, thus, over the number of collisions.
In this work, for the study of baryonic resonances in nuclear matter, we use isobaric charge-
exchange reactions induced by relativistic beams of stable medium-mass projectile nuclei.
These reaction channels guarantee that with a large probability the charge-exchange process
is mediated by a quasi-free nucleon-nucleon collision [12]. In the case of inelastic collisions the
excited baryon resonances, produced in the overlapping region between projectile and target
nuclei, decay by pion emission. To preserve the initial number of nucleons in the projectile
remnant, pion decay should not induce any sizable excitation energy in the projectile.
In this proceeding we will describe the experiment that we performed at GSI using beams
of 112Sn to induce isobaric charge-exchange reactions. The atomic and mass numbers of the
projectile residues as well as their momentum distributions were obtained by using the zero-
degree magnetic spectrometer fragment separator (FRS) [13]. The momentum resolution of
this spectrometer was already proved some time ago to be sufficient to clearly identify the
quasi-elastic (Gamow-Teller, spin-isospin dipole and quadrupole resonances, etc) and inelastic
(baryon excitations) components in the missing-energy spectra of nuclear residues produced in
isobaric charge-exchange reactions, which were induced by projectiles of 208Pb [14]. Though the
momentum spectra were obtained with a poor resolution due to the large angular and energy
stragglings suffered by the projectiles and nuclear residues in the layers of matter placed along
the beam line. To go further, we decreased these stragglings by reducing the layers of matter in
beam and also improved the position resolution of the detector used to measure the momentum
of the ejectiles. In the following, we will detail the experimental technique and setup and then
we will present some results.
2. Experiment
The experiment was performed at the GSI accelerator facilities in Darmstadt (Germany) using
the SIS18 synchrotron combined with the fragment separator FRS. Beams of 112Sn at 1A GeV
were delivered by the SIS18 synchrotron with an intensity around 108 ions per spill and were then
guided up to the FRS entrance to produce the isobaric charge-exchange reactions in different
thin targets of around 100 mg/cm2.
The FRS is a zero-degree high-resolving power spectrometer with a typical resolving power
of Bρ/∆Bρ = 1500 and with an angular acceptance of ±15 mrad around the central trajectory.
In the present work, the FRS spectrometer is used in the achromatic mode, where the reaction
target is placed at the FRS entrance and the full spectrometer is then utilized to separate and
identify the nuclear residues, as shown in Fig. 1(a). The nuclear residues are identified by
measuring their Bρ, velocity and energy loss by using high resolution time-projection chambers
(TPC) for tracking (300 µm FWHM), scintillator detectors for time-of-flight and multi-sampling
ionization chambers (MUSIC) for energy loss. These measurements also allow us for the accurate
determination of the longitudinal momenta of the reaction products. With these measurements,
we can define two important observables for the characterization of the isobaric charge-exchange
reaction, the cross section of the process and the ejectile missing-energy spectra.
Isobaric charge-exchange cross sections were accurately determined by normalizing the
production yield of the charge exchange residual nuclei to the number of projectiles and target
nuclei. The number of incoming projectiles was obtained by using a secondary electron monitor
(SEETRAM) placed at the entrance of the FRS. The uncertainty in the determination of the
incoming projectiles was around 3%. The number of charge exchange residues is obtained from
the corresponding identification matrix at the final focal plane by gating on the fragment of
interest, as shown in Fig. 1(b). Details about detector calibrations and data corrections can be
found in Ref. [15].
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Figure 1. (Color online) (a) Schematic view of the FRS experimental setup used in the present
work with the reaction target at the entrance of the FRS spectrometer to induce isobaric charge-
exchange reactions of stable tin isotopes. (b) Identification matrix at the final focal plane of the
FRS obtained from reactions induced by 112Sn impinging on a carbon target. The figure was
obtained by overlapping two magnetic settings of the FRS separated by a dashed line.
The second observable that we use in this work is the missing-energy spectra of the
recoiling charge-exchange residues. This observable was obtained from the measured longitudinal
momenta of the residual nuclei, which was also corrected by the dependence on the beam-
extraction time given by the synchrotron SIS18 [16]. Thanks to the high-resolving power of the
FRS together with a sizeable reduction of matter along the beam line we allowed to obtain this
spectrum with a resolution of around 10 MeV (FWHM), which is a factor of 2 better than that
was obtained at the Laboratoire National SATURNE in Saclay (France) [17]. In addition, an
unfolding procedure, based on the Richardson-Lucy method with a regularization technique to
optimize the stability of the solution against statistical fluctuations [18], was used to improve
the sharpness of the spectrum.
3. Results
In Fig. 2 we show the missing-energy spectra obtained from the isobaric charge-exchange
reactions induced by ions of 112Sn in different targets at projectile kinetic energies of 1A
GeV. These spectra show that the spin-isospin response of nuclei is concentrated in two energy
domains. At missing energies close to zero it corresponds to the excitation of particle-hole states:
the L = 0 Gamow-Teller giant resonance, the L = 1 spin-isospin dipole and L = 2 spin-isospin
quadrupole resonances, and also to a quasi-elastic charge exchange mechanism on a nucleon of
the target and projectile. At lower missing energies, the observed peak in the spectrum around
-300 MeV, which is also the difference between the nucleon mass and the ∆ mass, corresponds
to a nucleon being excited into a ∆ resonance in the target or projectile. This twofold spectrum
is a common feature of all isobaric charge-exchange reactions induced at high kinetic energies
(more than 0.6A GeV) and illustrates clearly that the nucleon and the ∆ resonance are two
states of the same particle.
For the (n, p) channel one can see that the cross section of the quasi-elastic peak decreases
with the target size while the inelastic peak increases. In the case of the (p, n) channel the
cross section of both peaks increases with the target size, although this increase is faster for
the quasi-elastic peak. This is also a clear proof of the competition between the formation of
baryonic resonances and particle-hole states that could be used to extract information about
the quenching factors of the Gamow-Teller transitions [19].
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Figure 2. (Color online) Missing-energy spectra for the (n, p) (a) and (p, n) (b) channels
obtained from isobaric charge-exchange reactions induced by ions of 112Sn in different targets.
Another interesting result is the effect due to the excitation of baryonic resonances in target
and projectile. As demonstrated from the study of (3He,t) reactions at 2 GeV [20], there is a
shift of 50-70 MeV between the ∆ excitation in target and projectile due to the kinematics of
these processes is different. For instance, in the (p, n) channel one can see that for the proton
target the maximum is around -330 MeV due to the excitation of a ∆++ in the target while in the
case of C, Cu and Pb targets this maximum moves towards higher energies, observing an energy
shift of around 60 MeV due to the excitation of ∆ resonances in the projectile [20, 21]. Our
measurements confirm the results obtained from other experiments performed at SATURNE [17].
This achievement opens great opportunities to study the excitation of baryonic resonances
in exotic projectiles that can be produced easily by fragmentation or fission reactions at the
entrance of the FRS spectrometer [22]. This new experiment is planned for the Phase-1 of the
FAIR facility and will be discussed in future works.
4. Conclusions
Isobaric charge-exchange reactions induced by stable tin isotopes at energies of 1A GeV on
different targets have been investigated at GSI using the FRS spectrometer. The experimental
setup allows us to measure the cross sections of these processes with high accuracy and to
determine in coincidence the missing-energy spectra of the corresponding ejectiles. Thanks
to the high-resolving power of the magnetic spectrometer FRS we can clearly identify in the
missing-energy spectra the quasi-elastic and inelastic components corresponding to the nuclear
spin-isospin response of nucleon-hole and baryonic resonance excitations, respectively.
The comparison of the missing-energy spectra obtained from the measurements with
different targets allows to investigate the competition between ∆-particle-hole and nucleon-hole
excitations in nuclear matter and also leads to a clear observation of ∆-resonance excitations in
target and projectile. Future exclusive measurements tagging the pion emitted from the decay
of the ∆ resonance using the WASA (Wide Angle Shower Apparatus) calorimeter [23] will help
to separate these contributions unambiguously, providing relevant information to understand
better the formation of baryonic resonances in the nuclear medium.
In addition, this kind of analysis could also be extended to exotic projectiles in the framework
of the Super-FRS experiments [24], providing unique opportunities to investigate the formation
and decay of other baryonic resonances, such as the N(1440) and ∆(1600) resonances, in very
neutron-rich and exotic nuclear matter. The same experimental setup will also be used to study
other interesting topics in nuclear physics, such as the production of light hypernuclei [25] and
η′-mesic nuclei [26].
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